Summary
The nature of the stimulatory action of the protein 'coglucosidase' on glucocerebrosidase was investigated with the use of highly purified cofactor from bovine spleen, radioactive glucosyl ceramide and methylumbelliferyl-~-glucoside. A complex between coglucosidase and either substrate could not be detected under equilibrium and non-equilibrium binding conditions. Complex formation between stimulating protein and the enzyme could be shown by the binding of the enzyme to an affinity column containing coglucosidase. This binding could be blocked by adding phosphatidylserine to the enzyme. The lipid also stimulated the enzyme. Additional evidence for binding of the enzyme to the two kinds of stimulators was the finding that they protected the enzyme against inactivation by N-ethylmaleimide and chloromercuriphenylsulfonate.
A role for lipids in the stimulatory action of coglucosidase was shown by extracting lipids from the enzyme; this resulted in a loss of basal enzyme activity and of sensitivity to activation by the protein. Adding back the lipids or phosphatidylserine increased the sensitivity of the delipidated enzyme to coglucosidase.
Using the crude, unextracted enzyme we could show that low concentrations of phosphatidylserine augmented the effectiveness of coglucosidase but high concentrations of the lipid blocked the effect of the protein. It is proposed that lipids, particularly acidic ones, act on solubilized glucocerebrosidase to produce an enzyme conformation which allows binding and stimulation by coglucosidase. At higher lipid concentrations, the acidic lipids
Introduction
Little is known about the mechanism of activation of lysosomal hydrolases by their low molecular weight activating proteins (for which we propose the name cohydrolase, in analogy with colipase). In the case of the well-studied sulfatase system [l] , cosulfatase acts as a detergent to break down large substrate micelles into an activator-substrate complex. It is proposed that the complex binds to the water-soluble enzyme, which then acts on the lipoidal sulfate ester. However, binding of activator to enzyme has not been demonstrated. A similar mechanism may be involved in the hexosaminidase system, since complexes of ganglioside GM2 and cohexosaminidase have been found [2] . This role for the cohydrolases is consistent with the finding that these enzymes cannot act on substrates in micellar form unless detergent or activating proteins are present, but that they do not require either for hydrolysis of water-soluble phenolic derivatives, such as methylumbelliferyl glycosides. Furthermore, the cohydrolases do not stimulate the hydrolysis of the latter substrates.
Coglucosidases for glucosyl ceramide glucohydrolase (EC 3.2.1.46) have been found in the spleens of Gaucher patients [ 3, 4] and steers [ 51, and in rat liver 'tritosomes' [6] . This hydrolysis system is clearly different in that the enzyme activity toward both the natural lipid (glucocerebroside and the artificial watersoluble (MeUmb-glucoside) substrates is stimulated by the activator proteins. Ho [7] has proposed that the enzyme, isolated from tissues, requires the Gaucher activator to create an active conformation of the enzyme. The association of the two proteins requires acidic phospholipid when solubilized glucosidase is used [8] . Support for this model came from the demonstration [9] that the soluble enzyme, in the presence of phosphatidylserine, bound selectively to an affinity column containing bound coglucosidase. There is as yet no information as to whether this activator proteins binds to the substrate.
We report here on our attempts to detect binding of MeUmb-glucosidase and glucocerebroside to cod-glucosidase from bovine spleen, present evidence that the splenic activator (like the Gaucher co-/3-glucosidase) also interacts with the enzyme, and show that the interaction is influenced by acidic lipids.
Materials and Methods
Coglucosidase and glucocerebrosidase were prepared from bovine spleen [ 51. [6-3H] Glucosyl ceramide, 85000 dpm/nmol, was prepared from Gaucher spleen glucocerebroside [lo] . p-Chloromercuriphenylsulfonic acid and Nethylmaleimide were obtained from Sigma Chemical. Sepharose 4B activated by cyanogen bromide was a Pharmacia product. The other materials used have been described before [ 51.
Glucosidase assay. The standard incubations were done with 2 mM MeUmbglucoside in 0.2 ml of 'assay buffer' (50 mM sodium acetate, pH 4.51 0.05% Triton X-100). After 30 min at 37"C, the liberated phenol was determined fluorimetrically after adding 1 ml of 0.17 M glycine carbonate, pH 10 (365 nm/450 nm).
1 enzyme unit is defined as the amount of enzyme which yields 1 nmol of methylumbelliferone per h when assayed in the standard procedure together with 0.1 mg/ml phosphatidylserine. Under this condition, the specific activity of a typical enzyme preparation was about 0.23 units per IJ-g protein.
Coglucosidase assay. Enough glucosidase was used in the standard assay procedure to hydrolyze 1 nmol of MeUmb-glucoside per h in the absence of acidic lipid. 1 unit of activator protein produced 150% of the basal activity [ 51.
Affinity column. Coglucosidase (0.2 mg) and 0.1 g of activated Sepharose were coupled by the Pharmacia procedure, based on the method of Axen et al.
[ 111, and excess reactive groups were blocked by reaction with ethanolamine. The packing, in a 3.8 X 15 mm column, was washed with assay buffer containing 1 mM 1,4dithioerythritol and 0.02% NaN3. A control column was prepared similarly but with omission of activator protein.
Electrophoresis. Two buffer systems were used. One was the discontinuous one of Williams and Reisfeld [12] with a stacking gel and a 7 cm main gel made from 5% acrylamide. The gels were run at 4 mA/gel at room temperature with bromphenol blue tracking dye in a control gel.
The other electrophoretic method used produced steady-state binding conditions. Gels (9 cm) were made from 5% acrylamide containing 50 mM sodium acetate, pH 5/0.05% Triton/Ei PM [3H]glucocerebrosidase. The reservoirs were filled with the same buffer without the labeled lipid and the gels were run at 6 mA/gel until the same endpoint as above.
The gels from the various runs were frozen and cut into 1.1 mm sections with a Bio-Rad gel slicer. The 3H distribution was measured in adjacent pairs of slices by drying them in a paper combustion cone and oxidizing them with a Packard Oxidizer. Pairs of slices from other gels were extracted for 1 h at 37°C with 0.4 ml of 5 mM sodium phosphate, pH 7, containing 0.1% Triton, to allow determination of their co-@-glucosidase activities.
Protein determination. The modification by Peterson [13] of the method of Lowry et al. [ 141 was used with bovine serum albumin as standard.
Results
Su bstra te-coglucosidase interaction. Binding of MeUmb-glucoside to co-pglucosidase could not be demonstrated by gel permeation chromatography of 50 pg co&glucosidase (about 10 nmol) and/or 200 nmol of MeUmb-glucoside which had been incubated at 37°C for 30 min in 0.1 ml of assay buffer. The sample permeated through a 0.8 X 32 cm column of Sephadex G-75 equilibrated and eluted at 30 ml/h with the assay buffer held at 37°C. Half of each 1 ml column fraction was assayed for MeUmb-glucoside content by heating at 100°C for 90 min with 0.1 ml of 6 M HCl. The fluorescence of the liberated methylumbelliferone was measured after adding 0.1 ml of 6.25 M sodium glycinate buffer (pH 10). This revealed a single peak near the total column volume containing all the MeUmb-glucoside in the original sample. The elution volume and amount were not affected by the preincubation with co-p-glucosidase, which eluted at the void volume. No MeUmb-glucoside was seen in the CO-/~-glucosidase peak.
The sensitivity of the assay for MeUmb-glucoside is such that less than 0.001 mol per mol of co+-glucosidase could have been detected in the activator peak. No binding of MeUmb-glucoside to co-&glucosidase was found under equilibrium conditions in which 80 @I co-/.%glucosida.se (400 ELM in 1 ml of assay buffer) was dialyzed at 37°C against assay buffer containing 80 PM MeUmbglucoside. After 24 h the concentration of MeUmb-glucoside was found to be the same inside and outside the dialysis bag.
The discontinuous electrophoretic method was used to investigate binding of glucocerebroside to co-/3-glucosidase. Labeled glucocerebroside (2.5 nmol) and Triton (50 /Lg) solutions were dried under Nz, taken up in 0.1 ml of 50 mM sodium acetate, pH 5, containing 50 pg of co-p-glucosidase, and incubated 15 min at 37°C. Analysis of the gel after electrophoresis of this solution showed that less than 5 pmol of cerebroside migrated at the dye front with the co-& glucosidase. Other workers, using the same electrophoresis buffer system, have demonstrated binding between cosulfatase and cerebroside sulfate [l] and between cohexosaminidase and glycolipid GA2 [ 21. Binding of the lipid to the activator was also tested by electrophoresis under steady-state binding conditions with a buffer in which co-fl-glucosidase is known to be effective. No peak of radioactivity was found with the co-fi-glucosidase peak after electrophoresis of 50 pg activator through a gel containing [ 3H]cerebroside (Fig. 1) . The small 3H peak near the top of the gel was seen also in gels run without added co+glucosidase.
A final test of binding of [3H]cerebroside to Sepharose-bound co-@-glucosidase was made by applying 10 nmol of the lipid in 2 ml of assay buffer con- and 0.02% azide to the columns described in Materials and Methods, The sample, followed by the same buffer, was applied at room temperature at 10 ml/h (Fig. 2) . Over 98% of the applied radioactivity was recovered in the effluent and the cerebroside peak was found to be only slightly retarded in the run with the co-/I-glucosidase column, in comparison with the control column.
Interactions between coglucosidase and glucocerebrosidase. It is possible to make a Hill plot [15] by assuming that the basal enzyme activity is due to those enzyme molecules in our preparation which already have a single (endogenously-furnished) co-/3-glucosidase molecule bound to them, and that the remaining glucosidase molecules possess no activator protein and hence are inactive. If all the binding sites are filled when the enzyme is maximally stimulated (V), the increase in activity observed at any co+?-glucosidase concentration divided by the maximal increase in activity can be used in the Hill plot to represent the fraction of the enzyme molecules that are bound to co-fi-glucosidase (Y in Hill's nomenclature).
Using the data from the incubations with co& glucosidase concentrations of 21 to 1270 ng/ml, we were able to obtain a straight line with a slope of 1.04, a regression coefficient of 0.996, and an intercept indicating a dissociation constant of 89 nM co-/3-glucosidase. The slope of 1.04 means that there is no cooperativity in the binding between the two proteins.
It has been shown that bovine co-/I-glucosidase raises the V and lowers the K, for the splenic glucosidase when either MeUmb-glucoside or cerebroside is used as substrate [ 51. This observation, together with the observed lack of co-pglucosidase-substrate interaction, indicates formation of a co-p-glucosidaseenzyme complex. Kinetic analysis of the effect of co-fl-glucosidase on MeUmbglucoside hydrolysis by a double reciprocal plot, using the increase in activity produced by co-fl-glucosidase as the enzyme velocity, reveals a simple MichaelisMenten relationship, with an apparent K, for co-fl-glucosidase of 97 nM (using an M, of 4900).
Glucocerebrosidase is inactivated by the sulfhydryl reagent, p-chloromercuriphenylsulfonate [ 16, 171 . Evidence for the interaction of co-fl-glucosidase and phosphatidylserine with the enzyme was obtained by showing that these activators protected the enzyme from the thiol inhibitor. Pre-incubation of glucosidase in 50 ~1 of assay buffer with or without co-/3-glucosidase or phosphatidylserine for 15 min at 37°C was followed by addition of 50 (~1 of buffer, with or without the mercurial After 15 min of incubation, the residual enzyme activity was determined by adding MeUmb-glucoside and incubating in the usual way (Fig. 3A) . The extent of inhibition was decreased by both activators and the efficiency of protection, in terms of molarity of activator needed, was much higher for the proteinaceous activator. A parallel experiment, using N-ethylmaleimide instead of the mercurial, was identical except for the use of pH 5.5 for the three incubations (Fig. 3B) . We used 5.5 instead of 4.5 because N-ethylmaleimide reacts slowly below pH 6. Results similar to those above were obtained.
Evidence for complex formation between co-p-glucosidase and the enzyme was sought by gel permeation of a mixture of the two in assay buffer contain- ing 1 mM 1,4dithioerythritol and 0.02% azide through a Sepharose CL-6B column which was equilibrated and eluted with the same medium at 37°C. Unfortunately, enzyme activity failed to appear in the effluent, with or without the presence of activator in the initial sample. Activity could not be detected even after assaying in the presence of phosphatidylserine or co-fl-glucosidase or after recombining column fractions.
In a similar attempt, no enzyme activity could be detected after electrophoresis of a co+glucosidase/glucosidase mixture through a 5% polyacrylamide gel run with 50 mM acetate, pH 5, containing 0.05% Triton.
An interaction between the two proteins could be shown by passing a solution of the enzyme through a column containing bound co-p-glucosidase, prepared as described in Materials and Methods and operated at room temperature. Before application to the co+glucosidase column, the glucosidase preparation was diluted with 9 vol. of assay buffer containing 1 mM 1,4dithioerythritol and azide, then centrifuged 10 min at 10 000 X 8. The supematant contained 50-70% of the initial activity and about 16% of the protein, and showed the same sensitivity to co+glucosidase as before. (The buffer composition of the stock enzyme solution was altered by this procedure in order to produce conditions known to allow stimulation by co+glucosidase.)
The solution was applied to the column at 10 ml/h, followed by the same buffer. Bound enzyme was then eluted with 5 mM sodium phosphate, pH 7, containing 0.5 M NaCl and the Triton/azide/dithioerythritol supplement. In an experiment with 144 units of enzyme (211 pg protein) in 4 ml, all of the activity adhered to the packing and the eluting solution released 101% of the starting activity. The specific activity was increased 4.6-f&. In an experiment with 7000 units of enzyme (11.5 mg protein), applied at a concentration of 37 units/ml, only part of the enzyme was bound and the amount of enzyme activity eluting as the sample was applied slowly increased (Fig. 4) . The 3800 units which eluted with the high salt buffer were &fold purified. This increase in purification with increased sample load reflects the binding by the column packing and replacement of more weakly bound proteins by glucosidase.
The maximal enzyme concentration in the effluent eluting during the sample application stage was lower than that in the applied solution (Fig. 4) , showing that the column packing was not saturated. The control column, in a similar experiment, saturated rapidly, with only about 10 units of enzyme.
It was later found that the bound enzyme could be eluted with 0.5 M NaCl in pH 4.5 buffer as well as in pH 7 buffer. Because Ho's [9] affinity column prepared from a co-@-glucosidase isolated from human Gaucher spleen required acidic phospholipids for the binding of a human fl-glucosidase preparation, we applied 202 units of the bovine enzyme to our column in the same buffer as above, containing 0.1 mg/ml of phosphatidylserine (the concentration which produces maximal stimulation in our standard assay system). The column was washed with the same buffer mixture, then eluted with 0.5 M NaCl in the same buffer but without the lipid. The amount of enzyme eluting in the low-salt buffer was 152 units (compared to 14 when phosphatidylserine was omitted) and there was a corresponding decrease of 80% in the amount eluting with the high-salt buffer.
The binding characteristics of the enzyme were found to depend on the prior treatment of the enzyme. In one experiment, the glucosidase in the stock preparation was concentrated by adding ammonium sulfate, 350 mg/ml, at 4°C and the resultant precipitate was extracted by sonication with 50 mM acetate, pH 4.5, 0.3% Triton, and dithioerythritol/azide. The extract was dialyzed against the same buffer, centrifuged, and diluted to bring the solution to the composition of the buffer used in the column experiments. The preparation was not as sensitive to low co-fl-glucosidase concentrations and did not bind to the column as well as before. For example, using an amount of enzyme activity that should have adhered completely to the column, only 43% bound. It seemed possible that the ammonium sulfate precipitation step had removed lipid from the enzyme, so enzyme was applied to the column in the presence of 100 pg/ml of phosphatidylserine. With this enzyme preparation, the lipid had no effect on the ability of glucosidase to bind to the activator column.
Conflicting results on the ability of acidic lipids to affect the stimulatory action of co-p-glucosidase have been reported [ 4, 8] . Using our preparations, we found that co+glucosidase had a stimulatory effect at low phosphatidylserine concentrations and that the stimulation was enhanced by the lipid (Fig. 5) . For example, 17 ng of co-fi-glucosidase caused an increase of 0.53 nmol/h in the absence of phosphatidylserine, and an increase of 0.93 nmol/h in the presence of 0.5 1-(8 of phosphatidylserine. However at a phosphatidylserine concentration that was maximally stimulatory, co-@-glucosidase produced no additional stimulation.
Since lipid was found to alter the effectiveness of co-/I-glucosidase, we examined our enzyme preparation for lipid content by extraction with 4 vol. butanol/diisopropyl ether [ 181. Thin-layer chromatography of the upper, organic layer with silica gel and a wide-range solvent showed the presence of many lipids, polar and nonpolar. The aqueous layer retained 23% of the original enzyme activity. Further extraction of this layer, with the more effective solvent, chloroform/methanol 2 : 1, showed that some phospholipids -much less than before -were still present.
The enzyme extracted with butanol/diisopropyl ether responded to phosphatidylserine but the stimulation was greater than that seen with the unextracted enzyme (&fold vs. 4.5-fold) and the optimal concentration of the lipid was the same for both preparations. Other acidic phospholipids -phosphatidic acid, cardiolipin and phosphatidylinositol -also stimulated extracted glucosidase, but to not quite the same extent as phosphatidylserine.
The delipidated enzyme was not as sensitive to co-fl-glucosidase as the standard enzyme preparation. When an amount of either enzyme was used sufficient to yield a basal activity of 0.4 nmol/h, 28 ng of co-p-glucosidase were required to raise the activity of the latter by 50% and 83 ng were required to produce the same stimulation of the former. If 0.6 l.(g of phosphatidylserine was included in the incubation with extracted enzyme, the requirement of 83 ng was reduced to 36 (Fig. 6) . Use of the total lipids extracted by butanol/diisopropyl ether from an equivalent amount of enzyme was even more effective in restoring the sensitivity to co+glucosidase:
13 ng of co-@-glucosidase sufficed to produce 50% stimulation. 
Discussion
There appears to be at least one /3-glucosidase in tissues that does not act on glucosyl ceramide, but does act on MeUmb-glucoside.
The enzyme that hydrolyzes the lipid also acts on MeUmb-glucoside.
Spleen has been reported to contain primarily glucocerebrosidase [ 19,201. Our previous study [ 51 has shown that there is a strikingly parallel subcellular distribution of the two activities in bovine spleen and that all of the activity toward MeUmb-glucoside is inactivated by conduritol B epoxide, an inhibitor of glucocerebrosidase [ 211. While much of the literature on animal /3-glucosidases is confusing, in part because of the use of many different assay conditions, it appears that the enzyme(s) inactive toward cerebroside occurs primarily in the soluble part of tissues. The enzyme used in this study was obtained from membranes. In view of these considerations, we believe that our enzyme is glucocerebrosidase and that the use of MeUmb-glucoside (as well as the lipid) in this study is appropriate.
The activator proteins for cerebroside sulfate sulfatase and ganglioside acetylgalactosaminidase do not stimulate hydrolysis of the water-soluble artificial substrates and evidently form complexes with the ceramide moieties of the natural substrates, although they presumably distinguish between the polar moieties. Our findings show that splenic co-p-glucosidase, on the other hand, stimulates the hydrolysis of both types of substrate yet does not form complexes with either under equilibrium or nonequilibrium conditions in which co+glucosidase is known to be effective. The former enzymes are much more readily solubilized than glucosidase and may, therefore, occur predominantly in the soluble portion of the lysosomes; this may explain their need for carrier proteins to extract the insoluble substrates from ingested membrane fragments and bring them into contact with the enzymes' active sites. In the case of glucocerebrosidase, however, which seems to be bound tightly to lysosomal membranes, the substrate may approach the enzyme by lateral diffusion after fusion of the lysosomal and ingested membranes. There is, therefore, no need for a carrier protein and co-fl-glucosidase may play an entirely different role.
Several kinds of evidence from this and other studies point to binding between co-fl-glucosidase and glucocerebrosidase as part of its function. Co-Pglucosidase lowers the K, for the substrate and raises the V [4, 5] , co-fl-glucosidase and the enzyme show a Michaelis-Menten relationship, it protects the enzyme against inactivation by thiol reagents and by heat [22] , and both Gaucher [9] and bovine co-p-glucosidase bind the enzyme when immobilized on a column packing. The ability of Gaucher co-p-glucosidase to stabilize normaI placental glucocerebrosidase against the effect of low pH and to lower the optimum pH of the enzyme [23] is additional evidence for an interaction between the two proteins.
The effects of acidic lipids on co-/3-glucosidase action can be explained by postulating three modes of interaction.
One, at low lipid concentrations, is an effect on solubilized glucocerebrosidase which changes the conformation of the enzyme so that it can combine with and be stimulated by co-p-glucosidase. This enzyme form is probably similar to the one found in the original membranes in which it occurs. The second, at higher lipid concentrations, is a competitive binding to the site that normally binds co-fl-glucosidase. At this site, the two stimulators produce an activated form(s) of the enzyme, although the lipid is much less efficient that co&glucosidase. At high lipid concentrations, the enzyme finds itself bound to a micellar form of the lipid and thus less active. An alternative hypothesis for the third effect is that the lipid micelles bind the substrate and reduce its availability to the enzyme.
Attempts at therapy of Gaucher's disease have been made by injecting highly purified, soluble glucocerebrosidase [24- 261. This preparation is not in its fully activated form, as shown by the stimulatory effect of taurocholate and of cog-glucosidase [ 51. Presumably the injected enzyme would be taken up by the patient's cells and activated by endogenous co-fl-glucosidase or acidic lipids. While there is apparently ample co-fl-glucosidase in the patient, it is possible that it is all bound to the defective cerebrosidase already present and is, therefore, unavailable for activation of the injected enzyme. Another possibility is that endogenous co+glucosidase is simply physically inaccessible, in a different compartment that does not take up the new enzyme. In view of the reports of the ineffectiveness of the therapeutic attempts, it would seem advisable to test the injection of enzyme already activated with lipids and co-/3-glucosidase.
